Time-resolved changes in the conformation of troponin in the thin filaments of skeletal muscle were followed during activation in situ by photolysis of caged calcium using bifunctional fluorescent probes in the regulatory and the coiled-coil (IT arm) domains of troponin. Three sequential steps in the activation mechanism were identified. The fastest step (1,100 s ) was shown by three independent approaches to track myosin head binding to the thin filament, but is absent in the regulatory head. The results lead to a four-state structural kinetic model that describes the molecular mechanism of muscle activation in the thin filament-myosin head complex under physiological conditions. ions, which bind to troponin in the thin filaments of the muscle sarcomere. This leads to azimuthal movement of tropomyosin around the thin filament, which uncovers the myosin binding sites on actin and allows the head domain of myosin from the thick filaments to bind to actin and generate force (1, 2). In vitro studies using isolated protein components showed that myosin head binding can produce a further motion of tropomyosin, at least in low [ATP] or rigor-like conditions (2-4), but the functional significance of this effect in physiological conditions and intact sarcomeres is not clear.
Time-resolved changes in the conformation of troponin in the thin filaments of skeletal muscle were followed during activation in situ by photolysis of caged calcium using bifunctional fluorescent probes in the regulatory and the coiled-coil (IT arm) domains of troponin. Three sequential steps in the activation mechanism were identified. The fastest step (1,100 s ) was shown by three independent approaches to track myosin head binding to the thin filament, but is absent in the regulatory head. The results lead to a four-state structural kinetic model that describes the molecular mechanism of muscle activation in the thin filament-myosin head complex under physiological conditions. ions, which bind to troponin in the thin filaments of the muscle sarcomere. This leads to azimuthal movement of tropomyosin around the thin filament, which uncovers the myosin binding sites on actin and allows the head domain of myosin from the thick filaments to bind to actin and generate force (1, 2) . In vitro studies using isolated protein components showed that myosin head binding can produce a further motion of tropomyosin, at least in low [ATP] or rigor-like conditions (2) (3) (4) , but the functional significance of this effect in physiological conditions and intact sarcomeres is not clear.
To elucidate the molecular structural basis of muscle regulation and the role of myosin binding in situ, we introduced bifunctional fluorescent probes into the calcium-binding subunit of troponin, troponin C (TnC) (Fig. 1, yellow) , in demembranated fibers from skeletal muscle (5-7). One probe cross-linked a pair of cysteines introduced into the C helix of TnC (Fig. 1, green) , close to the regulatory Ca 2+ binding sites ( Fig. 1 , black spheres) in its N-terminal lobe, and reports the rotation and opening of this lobe on binding Ca 2+ (5) . The N-lobe opening is associated with binding of the switch peptide of troponin I (TnI) (Fig. 1 , blue) to a hydrophobic pocket on its surface, and this is a key step in the signaling pathway of calcium regulation (8, 9) .
A second probe was attached to the E helix of TnC ( Fig. 1 , magenta) in its C-terminal lobe, which contains a pair of divalent cation binding sites (Fig. 1, gray . The C lobe of TnC is clasped between two long helices of TnI, one of which forms a coiled coil with part of the tropomyosin-binding component of troponin, troponin T (TnT) (Fig. 1, orange) . The C lobe of TnC and these long TnI and TnT helices form a well-defined structural domain called the "IT arm" (9, 10) . Although the C-lobe E helix of TnC is continuous with the N-lobe D helix in the Ca 2+ -bound crystal structure shown in Fig. 1 , the D/E helix is broken in situ, as it is in the crystal structures of the Ca 2+ -bound cardiac isoform and the apo state of the skeletal isoform (9, 10) . Thus, the C-and E-helix probes give independent information about the orientations of the TnC N lobe and the IT arm, respectively, in a muscle fiber.
We separated the structural effects of Ca 2+ and myosin binding during activation of demembranated muscle fibers in physiological conditions kinetically, using rapid jumps in intracellular [Ca 2+ ] produced by photolysis of nitrophenyl-EGTA (NP-EGTA or caged Ca). Binding of Ca 2+ to the regulatory sites of troponin is at least 10-20 times faster than myosin binding in the conditions used here, so we were able to resolve the kinetics of intermediate structural changes in the troponin signaling pathway, and relate them to those of calcium binding to troponin, myosin binding to actin, and force generation. We used three additional protocols to assess the role of myosin binding in muscle regulation in physiological conditions: we (i) imposed rapid ramp shortening on active muscle fibers to drive myosin detachment, (ii) abolished active force generation with a small molecule inhibitor, and (iii) stretched the muscle fibers to remove the overlap between the thick and thin filaments. The results lead to a four-state model that describes the sequence of structural changes in troponin and the thin filament during muscle activation.
Results

Structural Changes in TnC Following a Ca Jump Are Much Faster than
Force Generation. Photolysis of caged Ca in a demembranated fiber from rabbit psoas muscle held at fixed length leads to rapid force generation with a half-time of 54 ± 12 ms (mean ± SD; n = 7) at 12°C, corresponding to a rate constant of ∼20 s −1 (Fig. 2 , top trace). Ca 2+ ions are liberated from caged Ca with a rate constant of ca. 68,000 s −1 under similar conditions (11) , three orders of magnitude faster than force generation. In the conditions used here, Ca 2+ is expected to bind to the regulatory sites
Significance
Muscle contraction is controlled by structural changes in the thin filament of the muscle sarcomere triggered by calcium binding to troponin. It has long been suspected that myosin binding has an additional effect in switching on the thin filament, but the biological function of this effect was unknown.
We have elucidated the in situ sequence of calcium-induced structural changes of troponin and identified a kinetic component tracking myosin binding to the thin filament. We propose a model of muscle regulation with kinetics determined by coordinated changes in the structures of both thick and thin filaments in response to mechanical conditions rather than, as in the conventional view, solely by the calcium transient and structural changes in the thin filament.
with a rate constant of ca. 1,000 s −1 based on measurements on isolated TnC in solution (12, 13) .
The changes in orientation of the C and E helices of TnC during activation by photolysis of caged Ca were described in terms of the order parameters <P 2 > and <P 4 > obtained from the measured polarized fluorescence intensities. <P 2 > is a measure of how parallel the probe dipole is to the filament axis, varying from +1 for perfectly parallel alignment to −1 for a perpendicular orientation. <P 4 > is a higher-order harmonic term, giving higher resolution angular information (14) . <P 2 > for both the C-helix probe (Fig. 2, green) and the E-helix probe (Fig. 2 , magenta) decreased rapidly after photolysis of NP-EGTA, indicating that both probe dipoles became more perpendicular to the filament axis, as reported previously for steady-state activation (5). <P 4 > decreased for the C-helix probe but increased for the E-helix probe, reflecting a greater increase in angular disorder of the E helix on activation, as also reported previously (5) .
Most of the change in orientation of the C-and E-helix probes occurred in the first few milliseconds after photolysis, as shown more clearly in Fig. 2 Insets, and was much faster than force development. In both cases the orientation changes also had slower components on the 10-and 100-ms timescales, and these were more prominent for the E helix (Fig. 2, magenta) .
The Orientation of the TnC E Helix, but Not That of the C Helix, Tracks Detachment of Myosin Heads from the Thin Filaments During Rapid Shortening. About 320 ms after photolysis, when isometric force development was almost complete, the length of the fiber (L 0 ) was rapidly decreased by 4%, allowing 10-20 ms of unloaded shortening followed by isometric force redevelopment (Fig. 2) . Unloaded shortening induced partial recovery of <P 2 > for the E-helix probe toward its relaxed value (Fig. 2, magenta) , with a smaller effect on the C-helix probe (Fig. 2, green) . Unloaded shortening leads to detachment of myosin heads from the thin filaments whereas Ca 2+ remains bound to the troponin regulatory sites. Thus, these results show that myosin head binding affects the orientation of the E helix of TnC more than that of the C helix.
This phenomenon was investigated in more detail in a separate series of experiments ( Fig. 3 ) in which unloaded shortening was imposed during maximal activation at pCa 4.5, 12°C, by temperature jump. As in the caged Ca protocol, 4% L 0 unloaded shortening produced little or no change in the orientation of the C helix (Fig. 3A) , but a reproducible change in the orientation of the E helix (Fig. 3B) . <P 2 > for the E-helix probe increased by 0.036 ± 0.002 (mean ± SE; n = 8) during 4% L 0 unloaded shortening, corresponding to 15.4 ± 0.7% of the difference between relaxation and maximal activation (Table S1 ). The time course of the increase in <P 2 > was well fitted by a single exponential with rate constant of 320 ± 34 s
. This orientation change is clearly slower than the force decrease during shortening, which had a rate constant of ca. 2,000 s
, and its time course matches that of myosin detachment from actin (∼300 s ) during unloaded shortening in the same conditions (15) . After the end of unloaded shortening, <P 2 > recovered with a rate constant of 14.5 ± 0.7 s ), which is expected to closely follow that of reattachment of myosin to actin (15) (16) (17) . 
Kinetics of Structural Changes in TnC in the Absence of Force-Generating
Myosin Heads. To further characterize the influence of myosin binding on the kinetics of structural changes in the thin filament, we activated fibers by photolysis of caged Ca in conditions in which such binding is eliminated. We used two independent approaches to study the kinetics of thin filament activation in the absence of force-generating myosin heads. First, we used N-benzyl-p-toluenesulphonamide (BTS), which binds to the myosin head domain and inhibits its strong binding to actin (18, 19) . Incubation of rabbit psoas muscle fibers in 0.1 mM BTS reduced force in normal activating solution to less than 5% of control. Force inhibition by BTS had no effect on the difference between <P 2 > values for the C helix in activating and relaxing conditions (Fig. 4A , dark green bar and Table S1 ), or on <P 4 > (Fig. 4A , light green bar), in agreement with previous results (6) . In contrast, the difference between <P 2 > values for the E helix in activating and relaxing conditions was reduced to 71 ± 7% (mean ± SD; n = 4) (Fig. 4A , dark magenta bar and Table S1 ) of the change during activation in control conditions, similar to that for <P 4 > (77 ± 16%) (Fig. 4A , light magenta bar), indicating that part of the orientation change in the E helix on activation is associated with myosin binding to actin in force generating states (6) . No force was generated when Ca 2+ was released from caged Ca in the presence of 0.1 mM BTS (Fig. 4C) , but large changes in <P 2 > and <P 4 > from the C-helix probe (Fig. 4C, green ) and E-helix probe (Fig. 4C , magenta) still occurred during the first 5 ms after photolysis.
Because myosin may still be able to bind weakly to actin in the presence of BTS, and such weak binding might have an effect on troponin conformation, we also activated fibers by photolysis of caged Ca in conditions in which all myosin-actin interaction is removed, by stretching fibers to sarcomere length 3.9 μm before photolysis. The results (Fig. 4 B and D and Table S1 ) were essentially the same as those obtained with force inhibition by BTS (Fig. 4 A and C) . The difference between <P 2 > (Fig. 4B , dark green bar) or <P 4 > (Fig. 4B, light green bar) values for the C helix in active and relaxing conditions was the same at sarcomere length 3.9 μm as in control conditions at 2.5 μm (5), but the corresponding parameters for the E helix were reduced to 76 ± 8% for <P 2 > and 89 ± 10% for <P 4 > (mean ± SD; n = 3) (Fig.  4B , dark and light magenta bars). Resting force was high at sarcomere length 3.9 μm, and no additional force was generated when Ca 2+ was released from caged Ca (Fig. 4D ), but the large fast changes in <P 2 > and <P 4 > from the C helix probe (Fig. 4D,  green) and E-helix probe (Fig. 4D, magenta) were still present.
Structural Changes in TnC in
orientation changes of the C and E helices of TnC described above, we first consider the simpler case in which strong binding of myosin to actin and active force generation are absent (Fig. 4) . In this case three exponential components gave a good fit to the time courses of the <P 2 > and <P 4 > transients, either in the presence of BTS (Fig. 4C , where fits are black and cyan lines) or at sarcomere length 3.9 μm (Fig. 4D) . Three exponential components gave a better description of the data than two, as determined by the Akaike Information Criterion (SI Methods). The fitted parameters for the two protocols were statistically indistinguishable (Table S2) , and were therefore combined ("No active force" in Table 1 ). The fastest and largest component (phase 1) has a rate constant of ca. 1,100 s −1 ( Table 1 ), matching that expected for Ca 2+ binding (12, 13) . Phase 2, with a rate constant of ca. 120 s −1 and the second largest amplitude, has a time course similar to that of the azimuthal motion of tropomyosin around the thin filament (20) (21) (22) Fig. S1 ). The relative amplitudes of phases 1-3 were similar for the C-and Ehelix probes.
Three exponentials also gave a good fit to the order parameters describing the orientation change of the C helix following Ca 2+ release in the presence of actin-bound myosin heads (Fig.  2 , black lines through <P 2 > and <P 4 > traces), with essentially the same rate constants and relative amplitudes for phases 1-3 ("Normal activation" in Table 1 ), consistent with the previous conclusion that the orientation of the C helix is independent of the presence of actin-bound myosin heads. However, for the E-helix probe it was necessary to introduce a fourth term, which we refer to as the "actomyosin" or "AM" phase, to describe the contribution of the myosin heads. The rate constants of phases 1-3 and the amplitude of phase 3 were constrained to be the same as those in the no-active-force case, whereas the other parameters were free, so that the rate constant and the amplitude of the AM phase were determined uniquely from the fit. With these constraints, the time courses of <P 2 > and <P 4 > for the E-helix probe following Ca 2+ release in the presence of actinbound myosin heads were accurately reproduced (Fig. 2, cyan  lines) . The relative amplitude of the AM phase was 15 ± 7% for <P 2 > and 10 ± 4% for <P 4 > and its rate constant was 13.1 ± 6.9 s . These values are similar to those associated with force redevelopment after ramp shortening (Fig. 3B ), but smaller than those reported in some previous studies (SI Text, section 2). Essentially the same rate constants for phases 1-4 were obtained by fitting the <P 2 > and <P 4 > values for each time point with a Gaussian distribution of probe orientations (Fig. S2) , then applying multiexponential fitting to the time courses of the Gaussian parameters (SI Text, section 3 and Table S3 ).
Discussion
Using bifunctional rhodamine (BR) probes attached along the C helix in the N lobe or regulatory domain of TnC, and along the E helix of its C lobe, in the IT arm of troponin (Fig. 1) , we showed that the dynamics of structural changes in these two troponin domains following Ca 2+ binding in the intact muscle sarcomere in physiological conditions can be described by four exponential components, with rate constants of ca. 1,100 s −1 (phase 1), 120 s
(phase 2), 5 s −1 (phase 3), and 15 s −1 (AM phase). Because phase 3 is slower than force generation, and its functional role is unclear (SI Text, section 1), it will not be considered further here.
Phase 1, with a rate constant of ca. 1,100 s
, is consistent with previous estimates of the rate of Ca 2+ binding to the regulatory sites of troponin C from skeletal muscle in isolated TnC (12, 13, 24) , in whole troponin and reconstituted thin filaments (25, 26) , and in myofibrils (26) . The largest component of the change in orientation of the E helix in the C lobe of TnC also has a rate of ca. 1,100 s , consistent with earlier evidence from isolated proteins that the structural change in the N lobe of TnC induced by Ca 2+ binding is rapidly transmitted to the C lobe (23) . Thus, the C lobe responds equally rapidly to Ca 2+ binding during physiological activation in the intact muscle sarcomere, and the whole troponin core complex (Fig. 1) is reoriented on the thin filament with a rate constant of ca. 1,000 s −1 . This conclusion is supported by time-resolved X-ray diffraction studies on intact muscles; the intensity of the 38 nm X-ray reflection from the axial periodicity of troponin along the thin filaments increases very rapidly after electrical stimulation, and a comparison with the free [Ca 2+ ] transient recorded in the same preparation showed that the change in troponin conformation lags Ca 2+ binding to troponin by only about 1 ms in amphibian skeletal muscle at 16°C (27, 28) . The change in troponin orientation in response to Ca binding appears to be much slower in cardiac muscle (SI Text, section 4).
Phase 2, with a rate constant of 120 s −1 coincides with the smaller, slower component of signals from probes on troponin observed in some previous studies using isolated proteins (146 s −1 at 25°C) (23) and myofibrils (150 s −1 at 10°C) (26) . Phase 2 also has a similar time course as the azimuthal motion of tropomyosin, as reported by the changes in the intensity of the second actin layer line measured in X-ray diffraction studies of activation in intact amphibian muscle (20, 29) . In a protocol similar to that used here, when bundles of demembranated rabbit psoas fibers were activated by photolysis of caged Ca at 4°C (22) , the increase in the intensity of the second actin layer line had two exponential components. The faster component, accounting for about 60% of the signal amplitude, had a rate constant of 113 s −1 , similar to the rate of phase 2 reported here. The slower component had a rate constant of 16 s
, close to that of active force development. Thus, phase 2 coincides with the fast component of tropomyosin movement.
The AM phase, with a rate constant of 15 s −1 in the conditions of the present experiments, was only observed with the E helix probe and coincides with myosin head binding to actin. When such binding was prevented, either chemically using BTS or by prestretching muscle fibers to a sarcomere length at which overlap between the myosin and actin filaments is removed (Fig. 4) , the AM phase was absent. When rapid shortening was imposed at full activation (Fig. 3) , the orientation of the E helix, but not that of the C helix, changed toward the relaxed orientation with a rate of ca. 300 s −1 , slower than the force decrease but equal to the expected rate of myosin head detachment (15) . This experiment shows that this component of the change in orientation of the E helix coincides with myosin head binding to actin rather than to active force per se, although during the initial activation following Ca 2+ release force generation follows myosin head binding with a lag of less than 1 ms (30) .
The amplitude of the change in the orientation of the E helix associated with rapid shortening, about 15% of the difference between the orientations corresponding to relaxation and full activation, was equal to the amplitude of the AM phase following activation by Ca jump (Table 1) . During force redevelopment at the end of rapid shortening, the orientation of the E helix recovered with a rate constant of ca. 14 s , very close to that of force redevelopment, 12 s −1 , which closely tracks rebinding of myosin heads to actin on this timescale. The similarity of these two rates, and that of the ca. 300 s −1 orientation change at the start of rapid shortening with the myosin head detachment rate, 
Rates and relative amplitude of each exponential component (i) of <P 2 > and <P 4 > during activation in the presence of BTS or at sarcomere length 3.9 μm (averaged as no active force) and during normal activation (mean ± SD, n = number of fibers). Values used as constraints for the fitting procedure are in boldface.
shows that the steps between myosin head binding/unbinding and the conformation of the IT arm are relatively fast. This general conclusion was first deduced from the kinetics of changes in the fluorescence amplitude from a probe on Cys-133 of troponin I when rapid length changes were imposed on active skeletal muscle fibers in conditions of partial activation (31) .
In vitro studies of calcium regulation in isolated thin filaments and their interaction with proteolytic myosin head fragments led to the concept of three regulatory states of the thin filament, corresponding to three azimuthal positions of tropomyosin (2) (3) (4) 32) : blocked, closed, and open. In the blocked state, populated at low free [Ca 2+ ], tropomyosin covers the myosin binding sites on actin; in the closed state, with Ca 2+ bound to the regulatory sites on troponin, tropomyosin has moved azimuthally to uncover weak myosin binding sites on actin; in the open state a further azimuthal movement of tropomyosin is associated with strong binding of myosin heads in the absence of ATP. However, the structural and functional interaction between actin and myosin in the regular lattice of interdigitating filaments in an intact sarcomere at physiological [ATP] may be fundamentally different from that in the solution studies. The present results allowed this possibility to be tested.
We found that the kinetics of muscle activation of intact sarcomeres at physiological [ATP] can be described in terms of a sequence of four structural states of the thin filament (Fig. 5) .
The core complex of troponin is represented here in cartoon form in the orientation deduced from polarized fluorescence intensities from sets of bifunctional probes on the N and C lobes of TnC (Fig. 5, yellow) (5, 7) . In the blocked state, which is populated in relaxed muscle fibers at low [Ca 2+ ], the tropomyosin strand (Fig. 5, dark gray) at the front right of the filament is shown for graphical clarity as held in the blocking position by the mobile domain (residues 131-182) (Fig. 5 , large blue rectangle) at the C terminus of TnI (33) . However, it is also possible that this tropomyosin position is stabilized by the right-hand troponin core complex via the N-terminal region of TnT (Fig. 5, orange arrow) . In any case, in the blocked state the N lobe of TnC (Fig. 5, yellow) containing the C-helix probe (Fig. 5, green) is closed, and the inhibitory regions of TnI (Fig. 5 , small blue rectangles) are bound to actin.
When Ca 2+ is released and binds to the N lobe of TnC, a state that we will refer to as the "blocked+Ca 2+ " state is formed at a rate of ca. 1,100 s −1 (phase 1). The N lobe of TnC is now open, creating a hydrophobic pocket to which the TnI switch peptide (Fig. 5 , blue triangle) binds and leading to a change in the orientation of both the N and C lobes of TnC (Fig. 5) , but tropomyosin has not yet moved. Formation of the closed state with a rate constant of ca. 120 s −1 (phase 2) is coupled to dissociation of the TnI mobile and inhibitory regions from actin, allowing azimuthal motion of tropomyosin. Finally, attachment of myosin heads (Fig. 5, black) to actin induces further azimuthal motion of tropomyosin with a rate of 15 s −1 (AM phase) to form the open state. The IT arm, carrying the E-helix probe (Fig. 5, magenta) , undergoes further rotation during the AM phase, but the N lobe of TnC with the C-helix probe (Fig. 5, green) does not move. Because the mobile domain of TnI, the TnI switch peptide, and the N lobe of TnC are uncoupled from the right strand of tropomyosin during the AM phase, this motion of the IT arm is likely to be mediated through the TnT connection of the right-hand troponin, or through a direct effect of myosin binding on troponin.
The main structural changes in the thin filaments of skeletal muscle associated with activation (phases 1 and 2) are fast, as expected from a tissue that has evolved for rapid control of movement. However, myosin binding to actin is much slower than thin filament activation; its rate constant is about 8× slower than that of phase 2, and about 75× slower than phase 1. Thus, the original concept of the steric blocking model of muscle regulation, in which azimuthal movement of tropomyosin allows myosin head binding (1, 34) must be modified to the extent that the rate of myosin head binding is not limited by the rate of activation of the thin filament; myosin head binding is relatively slow, and this limits the rate of force generation in physiological conditions. The physiological rate of myosin head binding may be limited by structural changes in the thick rather than in the thin filaments (35) .
The additional slow changes in the thin filaments linked to myosin head binding in the AM phase have generally been assumed to be associated with positive feedback of myosin binding on thin filament activation, as suggested by early in vitro studies in rigor conditions (2, 4) . However, in physiological conditions the steep cooperativity of thin filament activation is not dependent on myosin binding in the steady state (6, 36, 37) . The present results extend this conclusion to the time domain; the dominant components of thin filament activation (phases 1 and 2) are much faster than myosin head binding, and are not affected by its presence (Figs. 2 and 4 and Table 1 ).
What then is the functional role of the additional change in thin filament structure induced by myosin head binding in the AM phase? One possibility suggested by the present results is that it provides a reverse signaling pathway that allows the thin filament to sense myosin head binding and therefore the mechanical state of the muscle. This reverse signaling pathway is fast, as shown by the kinetics of the changes in the E-helix probe associated with a period of rapid shortening (Fig. 3) . Partial deactivation of the thin filament during an extended period of rapid shortening would increase muscle efficiency in conditions in which work output is low. However, the most important function of such a reverse signaling pathway may be in normal relaxation. Mechanical relaxation in isometric conditions is much slower than the fall of the Ca 2+ transient (38) (39) (40) , but can be accelerated by stretching the muscle (41, 42) , such as might occur by the action of an antagonist muscle in vivo. Thus, the present results lead to a model of muscle regulation in which the rates of both activation and relaxation are not determined solely by the calcium transient and structural changes in the thin filament, but by coordinated changes in the structures of both thick and thin filaments in response to mechanical conditions. 
